The large and rapidly varying electric and magnetic fields induced by the spectator systems moving at ultrarelativistic velocities induce a charge splitting of directed flow, v1, of positive and negative pions in the final state of the heavy ion collision. The same effect results in a very sizeable distortion of charged pion spectra as well as ratios of charged pions (π + /π − ) emitted at high values of rapidity. Both phenomena are sensitive to the actual distance between the pion emission site and the spectator system. This distance dE appears to decrease with increasing rapidity of the pion, and comes below ∼1 fm for pions emitted close to beam rapidity. In this paper we discuss how these findings can shed new light on the space-time evolution of pion production as a function of rapidity, and on the longitudinal evolution of the system created in heavy ion collisions.
Introduction
The presence of large and rapidly varying electric and magnetic fields in relativistic heavy ion collisions results in charge-dependent effects, visible in a series of observables in the final state of the collision. These effects can be used as a new source of information on the space-time evolution of the non-perturbative process of particle production, and on the space-time properties of the system created in the heavy ion collision. To give one example, in 2007 we demonstrated that the distortion which the electromagnetic repulsion (attraction) of positive (negative) pions induced on charged pion (π + /π − ) ratios brought new information on the space-time scenario of fast pion production [1] . In recent years, the general problematics of electromagnetically-induced effects in ultrarelativistic heavy ion reactions was subject of an important theoretical and experimental interest [2, 3, 4, 5] as it was connected to very interesting phenomena like the chiral magnetic effect (CME [6, 7] ).
In the present paper we review our earlier studies of the electromagnetic distortion of charged pion spectra in the context of our more recent findings on the influence of spectator-induced E and B fields on the azimuthal anisotropies of charged pions. Special attention is put on tracing the utility of both observables for studying the longitudinal evolution of the expanding matter created in the collision. A phenomenological model analysis is presented, aimed at explaining the space-time features of pion production which we deduced from the observed electromagnetic phenomena.
2 Charged-dependent effects in pion spectra at the SPS
The relatively moderate collision energy range available to the SPS makes corresponding fixed-target experiments suitable for studying the electromagnetic influence of the spectator system on charged particle spectra in a large range of available rapidity. Importantly, this includes the region of very low transverse momenta where the corresponding effects are expected to be largest. A detailed double-differential study of π + and π − densities as a function of longitudinal and transverse pion momentum is presented in Fig. 1 . The NA49 experimental data cover, in the longitudinal direction expressed in terms of the c.m.s.
the whole region from "mid-rapidity" (x F = y = 0) up to x F = 0.4 which is about one unit above beam rapidity at lowest transverse momenta. The smooth exponential-like shape of the transverse momentum distribution gets visibly distorted in the region of low p T , where a dramatic decrease of invariant π + density and an accumulation of π − density is apparent as indicated by the arrows. This "deformation" is caused by the spectator system, which modifies the trajectories of charged pions by means of its space-and time-dependent E and B fields.
The ratio of π + over π − density, Fig. 2(a) , appears particularly sensitive to the spectator-induced electromagnetic field in the region of higher rapidity (x F > 0.1) and lower transverse momenta. Here, a deep two-dimensional "valley" is apparent with the π + /π − ratio approaching zero in the region y ≈ y beam (x F = 0. The pion invariant density is drawn as a function of transverse momentum in fixed bins of x F as marked from top to bottom. The subsequent distributions are consecutively multiplied by 0.2. The arrows point at the regions where the distortion induced by the spectator EM-field is most visible. From [8] .
Note that with the Pb nucleus composed of 39% protons over 61% neutrons, this implies breaking of isospin symmetry which unequivocally confirms the electromagnetic origin of the observed effect. Quantitatively, this is confirmed in Fig. 2(b) , where the observed distortion can be fairly well described by means of a simple two-spectator model with the two spectators assumed as Lorentz-contracted homegenously charged spheres, and isospin effects being taken into account [9] . It is important to underline that the unique free parameter in the model is the distance d E , in the longitudinal direction, between the pion emission point and the center of the spectator system. The reasonable agreement between data and model demonstrated in [11] , (e), (f) electromagnetic component of π + and π − directed flow, extracted from STAR data [11] and compared to our simulation made assuming d E ≈ 3 fm. From: [8] (panels a,b), [12] (panel c), [13] (panels d,e,f).
Directed flow
In full analogy to charged pion ratios, the directed flow of charged pions emitted close to beam rapidity is also strongly affected by spectator-induced EM effects. This is shown in Fig. 2(c) where our prediction for a purely electromagnetic effect on the directed flow v 1 of positive pions is shown for three different values of the distance d E : 0, 0.5 and 1 fm. As it can be seen in the figure, our Monte Carlo calculation shows that very large values of directed flow can be induced by the sole effect of electromagnetic repulsion of positive pions by the spectator system. Our prediction is compared to the measurements provided by the WA98 Collaboration at the same energy, √ s N N = 17.3 GeV [10] . This comparison indicates that a very sizeable part of positive pion directed flow in the region close to beam/target rapidity can in fact come from the electromagnetic origin. At the same time, the WA98 experimental data apparently constrain the possible values of the distance d E , yielding the possible range of d E from 0 up to 1 fm. Thus consistently from both observables (π + /π − ratios, Fig. 2(a) and directed flow, Fig. 2(c) ), the longitudinal distance between the actual pion emission site and the center of the spectator system appears quite small, in the range below 1 fm. This small distance is to be viewed with respect to the longitudinal extent of the Lorentz-contrated spectator system which is itself of the order of about 1 fm at this collision energy.
The situation changes significantly when passing to pions produced close to central rather than beam rapidity. Here experimental data on intermediate centrality Au+Au reactions exist from the STAR experiment at RHIC [11] at different collision energies (from √ s N N = 7.7 up to 200 GeV). The directed flow of positive and negative pions at the lowest available energy is presented in Fig. 2(d) . A charge splitting is apparent between π + and π − . As shown in Figs 2(e),(f), the latter splitting can again be understood as a spectator-induced EM effect, provided that a value of d E far larger than in the preceding case, d E ≈ 3 fm, is assumed.
Space-time picture of the collision
This apparent sensitivity of the electromagnetic distortion of final state charged pion ratios and directed flow to the distance between the pion formation zone and the spectator system provides, in the opinion of the authors, a completely new and very welcome tool for studying the space-time evolution of charged particle production in the soft sector of ultrarelativistic heavy ion collisions. Specifically, the elongation of the distance d E with decreasing pion rapidity is the reflection of the longitudinal evolution of the system created in the collision. Summing up the findings from the precedent section, in our studies we obtained:
• d E ≤ 1 fm for pions moving at rapidities comparable to y beam (from our study based on NA49 [8] and WA98 [10] data);
• d E ≈ 3 fm for pions moving at central rapidities (−1 < y < 1, from our study based on STAR data [11] ).
While the mere fact that d E evolves with pion rapidity is simply the confirmation of the expansion of the system in the longitudinal direction, the latter is, especially at high pion rapidities, poorly known to hydrodynamical calculations due to the presence of a sizeable baryochemical potential [14] , and difficult to access experimentally e.g. in LHC experiments (in contrast to SPS energies where the NA49 and NA61/SHINE experiments cover the whole region from y = 0 to y = y beam and above in the collision c.m.s. [15] ).
In the present section we discuss this issue in the context of energy-momentum conservation in the initial state of the collision, in a model proposed by A.S. The spatial nuclear matter distribution in the volume of the two colliding nuclei is considered in a two-dimensional (x, y) projection perpendicular to the collision axis; peripheral Pb+Pb collisions at top SPS energy are presented in Fig. 3(a) . The resulting "strips" of highly excited nuclear (or partonic) matter, Fig. 3(b) , define the plane. For the peripheral collision considered here, the overall energy available for particle production (invariant mass of the "strips" as defined assuming local energymomentum conservation) has a well-defined "hot" peak at mid-distance between the centers of the two nuclei, and gradually decreases when approaching each of the two "cold" spectator systems. On the other hand, the longitudinal velocity β of the "strips" depends strongly on their position in the (x, y) plane. A careful comparison of Figs 3(c)-(d) shows that significantly excited volume elements of the longitudinally expanding system can move at very large longitudinal velocities, comparable to that of the spectator system. Assuming a given proper hadronization time of the different volume elements, a natural picture emerges. Pions produced at high rapidity (dominantly from "strips" moving at large values of the longitudinal velocity β) will emerge at a small distance from the "cold" spectator systems; these originating from "hot" central "strips", at smaller values of y, will evidently show up at larger values of the distance d E .
Conclusions
Altogether, we conclude that a non-negligible amount of experimental data on charge-dependent effects in particle spectra and anisotropic flow exists, and much more can be obtained from existing fixed-target as well as collider experiments. These data can be used to trace the influence of the electric and magnetic fields in heavy ion collisions, which should be useful in future studies related to the chiral magnetic effect, the electromagnetic properties of the quark-gluon plasma, and others. Our own studies demonstrate the sensitivity of the EM-induced distortions of charged particle spectra and directed flow to the space-time scenario of particle production in heavy ion collisions, and allow us to trace the longitudinal evolution of the expanding matter created in the course of the collision.
